Abstract Yb-Bi codoped magnesium germanate glasses were prepared. Their optical properties were investigated by absorption, luminescence spectra and luminescence decay lifetime and compared with single Bi-doped glass. The emission intensity of Yb-Bi codoped glass (MGBY) is ~10 times larger than that of single Bi-doped sample (MGB). The single-pass optical amplification was measured on a traditional two-wave configuration with excitation of single commercially available 980 nm laser diode. Internal optical gain of 4.06 dB at 1310 nm and 0.76 dB at 1550 nm were realized in a 1 mm-thick bulk MGBY sample. It is more than 3 times larger than those of MGB glass. The Yb-Bi codoped glasses are promising for ultrabroadband optical amplification covering almost all the O, E, S, C, and L bands.
Introduction
Advances in all-solid-state broadband near-infrared (NIR) sources provide powerful tools for an increasingly broad range of applications including spectroscopy, telecommunications, medicine and biology. Transition metals (TM) ions doped materials are competitive candidates which have been highly attended for their broadband emission properties. In the past decades, TM ions such as Ti -doped crystal hosts, glasses, and glass ceramics were extensively investigated. However, broadband emission from the 3d-3d transitions of TM ions is usually baffled by excited-state absorption and nonradioactive decay [1, 2] . These defects of broadband emission from TM ions severely limited their actual applications.
Recent researches revealed that Bi-doped glasses are promising materials for broadband amplifiers and tunable lasers due to their exceptional broadband NIR luminescence covering the wavelength region from 1100-1600 nm [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In last five years, broadband NIR luminescence from active Bi-* To whom any correspondence should be addressed. related centers has been reported in silicate [6, 14] , germanate [3, 7] , phosphate [4] , and barium borate glasses [5] . But the mechanism of the observed NIR emission is still in controversy. We proposed to ascribe it to bismuth ions with low valance, such as Bi + ion [12, 15] . Optical amplification and laser operation were also realized with excitation of 800 and 980 nm laser diodes(LDs) and 1064 nm YAG (yttrium aluminum garnet) laser [8] [9] [10] [11] [13] [14] [15] [16] [17] [18] [19] . However, the quantum yield of the near-infrared luminescence is very low since the stimulated emission cross section of Bi-doped glasses is very small at these wavelengths.
For actual applications, it is necessary to use commercial laser diodes as pumping sources. One possible method to increase the absorption cross section of active centers is codoping sensitization ions. Our earlier researches revealed that Yb 3+ ions could effectively improve the absorption cross section and enhance the emission intensity of Bi-related centers in phosphate glasses [11] . We expected this approach could be also available in germanate glasses.
In this article, we report the spectroscopic and amplification properties of Yb-Bi codoped magnesium germanate glasses. The glass system of GeO 2 -MgO-Al 2 O 3 -Bi 2 O 3 was selected for this work, because it exhibits excellent optical, chemical and thermal properties according to our earlier investigation. The emission intensity was largely increased by codoping Yb 3+ ions. The optical amplification performance of Yb-Bi codoped magnesium germanate glasses was compared with those reported in literatures.
Experimental
A glass with the selected composition (See Table 1 ) was prepared by the conventional meltingquenching technique. Single Bi-doped glass was also prepared for comparison. Starting materials were high purity regents GeO 2 (5N), Al(OH) 3 Absorption spectra were measured with JASCO V-570 spectrophotometer. The infrared luminescent spectra were measured by ZOLIX SBP300 spectrofluorometer with an InGaAs detector excited with 980 nm LD. The measurements of fluorescence lifetime were carried out by exciting the samples with a modulated 980 nm LD. The signals detected by an InGaAs photodetector in TRIAX550 spectrofluorometer were recorded using a storage digital oscilloscope (Tektronix TDS3052). All measurements were carried out at room temperature. related centers in germanate glasses. A weak absorption band around 980 nm was also reported in literatures [3] . Unfortunately, it was too weak to confirm in our work. The apparent increment of absorbance around 980 nm was observed in MGBY sample compared to MGB sample. While the transmission of MGBY sample is slightly increased in comparison with MGB sample in the wavelength region from 1100 to 1600 nm. For actual applications, the selection of pumping source is important to obtain optical amplifications in Bi-doped glasses. Here we choose 980 nm laser diode as pumping source since Bidoped germanate glass shows ultra-broadband luminescence when it is excited at this wavelength [8] . Figure 2 represents the NIR photoluminescence spectra of MGB and MGBY samples. Both of MGB and MGBY exhibit broadband NIR emissions covering 1100-1600 nm wavelength range. The emission intensity of MGBY is almost 10 times larger than that of MGB sample. Another emission peak at 1020 nm was also observed in the spectrum of MGBY, which is the characteristic emission of Yb 3+ :
Results and discussion
2 F 5/2 -2 F 7/2 transition in germanate glasses. The luminescence decay time of MGB and MGBY detected at 1200 nm is 196 and 331 µs, respectively. The apparent increment in emission intensity and luminescence decay time of MGBY sample should be due to the energy transfer from Yb 3+ ion to active bismuth centers. The single-pass optical amplification is measured in MGB and MGBY samples for the purpose of estimating their potential applications in broadband fiber amplifiers and tunable lasers. The traditional two-wave mixing configuration is adopted for internal gain measurement [11] . The excitation beam was manually chopped to make the probe state without excitation I 0 and with excitation I. The incident intensity of probe beam is defined as I 0 '=(I 0 /T), where T is transmittance. The internal gain coefficient is defined as G=10/Llog(I/I 0 '), where L is the thickness of glass (0.1 cm). Figure 3 shows the wavelength-dependent internal gain from 1270 to 1350 nm and the gain around 1550 nm was also measured. A 980 nm LD (Hi-Tech Optoelectronics Co. Ltd., LDM-0980-002W-X5, without fibercoupled, 200 µm emitter width) was used as excitation source and the excitation power is 1.00 W. In comparison with MGB glass, the apparent enhanced optical amplification was obtained in MGBY glass. The highest gain coefficient of MGBY glass is about 4.06 dB⋅cm -1 at 1310 nm, which is ~3 times larger than that of MGB glass. Furthermore, it is significant to point out that the amplification . As shown in Table 1 , the values are much larger than those results reported in Bi-doped silicate and germanate glasses. It means that the ultra-broadband amplification covering whole O, E, S, C, and L bands could be potentially realized in the MGBY glass system. Figure 4 depicts the results of internal gain at 1300 nm as a function of pumping power. The inset shows the signals with and without pumping. Apparent enhancement of signals was observed. From this figure, it is also found that the gain increases with excitation power up to 1.00 W for MGBY glass. Therefore, it is expected that the optical gain can be improved by increasing the pumping power.
Conclusion
NIR emission properties and optical amplification of Bi-doped and Yb-Bi codoped magnesium germanate glasses were investigated by 980 nm LD excitation. The apparent increments of emission intensity, luminescence lifetime and optical gain were observed. The results should be ascribed to the effective energy transfer from Yb 3+ ions to active bismuth centers. Ultra-broadband optical amplification covering the O, E, S, C, and L bands was achieved.
